Astrophysical shocks are commonly revealed by the non-thermal emission of energetic electrons accelerated in-situ [1, 2, 3] . Strong shocks are expected to accelerate particles to very high energies [4, 5, 6 ], however, they require a source of particles with velocities fast enough to permit multiple shock crossings. Whilst the resulting diffusive shock acceleration [4] process can account for observations, the kinetic physics regulating the continuous injection of non-thermal particles is not well understood. Indeed, this injection problem is particularly acute for 2 electrons, which rely on high frequency plasma fluctuations to raise them above the thermal pool [7, 8] . Here we show, using laboratory laser-produced shock experiments, that in the presence of a strong magnetic field, significant electron pre-heating is achieved. We demonstrate that the key mechanism in producing these energetic electrons is through the generation of lower-hybrid turbulence via shock-reflected ions. Our experimental results are analogous to many astrophysical systems, including the interaction of a comet with the Solar-wind [9] , a setting where electron acceleration via lower-hybrid waves is possible.
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Lower-hybrid waves occur in a variety of laboratory and space environments.
They have been suggested to be an important electron-heating or energization mechanism in different magnetized plasma environments [10, 11, 12] . These waves propagate nearly transverse to the magnetic field lines and oscillate at a frequency between the ion gyro frequency and the electron gyro frequency.
As a consequence lower-hybrid waves with frequency ω and wavenumber k can be in simultaneous Cerenkov resonance, ω − k · v = 0 (where v is the particle velocity) both with magnetized electrons propagating along the field lines and unmagnetized ions moving perpendicular to the field. The lower-hybrid waves have a high phase velocity along the field lines that resonate with the fast moving electrons as well as a low phase velocity across the field lines that resonate with the slow moving ions, allowing for energy transfer between the two species [13] (see Methods for further details). This convenient property of lower-hybrid waves, as an efficient channel for the acceleration of electrons above the thermal background, is well known in the magnetically confined fusion community [14] where it has been exploited with considerable efficacy in past experiments [15, 16] . Although a different mechanism is favoured in toroidal field configurations, for highly oblique shocks such as might be created in the Solar wind [9] , supernova explosions [11] , or during the formation of galaxy clusters [17] , it is thought that the modified two-stream instability [13] driven by reflected ions from the shock front, excites broad-band lower-hybrid modes. By comparing theoretical and numerical predictions with the experimental data on the modified two-stream instability, it may be possible to develop robust scaling relations to apply to the fusion relevant parameters (see Methods for further discussion).
While electron acceleration by lower-hybrid waves in the Solar system has been inferred from satellite measurements [18, 9] , laboratory experiments provide reproducible and controllable conditions that can be used not only as a means of supporting space observations, but also for validating multi-scale transport predictions from simulation codes [19] . Here we show the results from an experiment where a laser-produced plasma flow impacts on a magnetized sphere (see Figure 1 ). This mimics, for example, the interaction of the Solarwind plasma with a comet [9] , an environment where excess X-ray generation by accelerated electrons has been observed. The scaling between the experiment and the comet interaction with the Solar wind is determined by a set of parameters shown in Table 1 of Methods. While both lower-hybrid turbulence and charge exchange processes [20] are possible explanations, our experimental results are compatible only with the former (see Supplementary Information).
The experiment was conducted at the LULI laser facility atÉcole Polytechnique (France). Various diagnostics were implemented to probe the plasma before and after the interaction with the sphere (see Figure 2 for details).
Streaked optical pyrometry (SOP) shows the optical plasma emission streaked in time. SOP indicates that the plasma travels at a velocity of 70 km/s, implying the fluorine ions have a kinetic energy ∼ 500 eV. The interferometry data shows that for the magnetized sphere, there is a bulk electron density of ∼ 10 17 cm −3 upstream of the shock, rising to 10 18 cm −3 downstream of the shock. Optical spectroscopy data gives a bulk plasma temperature of 3 ± 1 eV.
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The optical data indicates that the interaction of the plasma with the sphere is different for the magnetized and non-magnetized cases (see e.g., [21] ). For the non-magnetized sphere, there is less pronounced plasma build up in front of the sphere.
Near the axis of the flow and close to the surface of the sphere a shock with ∼ 1 mm stand-off distance can be seen. In the magnetized case, the perpendicular field lines constrain the flow, making it more difficult for the plasma to fully flow around the sphere. Consequently, there is a larger pressure build up in front of the sphere, generating a shock at ∼ 2.5 mm stand-off position, larger than that of the non-magnetized case. Balancing the ram pressure of the plasma flow with that of the compressed magnetic field gives an estimation for the expected stand-off distance in the magnetized case of ∼ 1 mm, similar to the experimental value.
To further understand the flow dynamics and its interaction with the sphere, 2-dimensional radiation-magnetohydrodynamics (MHD) simulations were performed using the FLASH code (see Supplementary Information). The simulations agree qualitatively with experimental measurements, as shown in Figure 2 , while providing additional estimates of bulk plasma properties. The magnetic field carried by the ablated plasma is weak, and from the measured plasma parameters we infer the shock formed to be highly super-critical with a fast magneto-sonic Mach number of 5.7 ± 0.2, necessitating a significant reflected ion component [22] . The electric field influencing the plasma near the shock can be estimated using the magnetic field and ion density calculated in FLASH (see
Supplementary Information).
For the shock to reflect incoming ions, the cross-shock electric potential must exceed the kinetic energy of the incoming ions. FLASH simulations predict an electric field of ∼ 70 MeV/m at a distance of 0.5 mm from the sphere at 300 5 ns, increasing as the simulation progresses. Assuming a shock thickness on the order of the electron skin-depth L ∼ 10 µm results in a cross-shock potential ≈ 700 eV, sufficient to reflect incoming Fluorine ions, with kinetic energy of ∼ 500 eV. These reflected ions produce the counter-streaming ion flow, which are necessary for generating lower-hybrid turbulence, an effect not captured in FLASH simulations.
We have probed the plasma emission in the soft X-ray range (630-770 eV)
with an X-ray spectrometer that spatially resolved along the flow axis (see Supplementary Information). The integrated intensity of the observed Fluorine X-ray line can then be plotted as a function of position along the flow axis (see Figure 3 ). When the magnetized sphere is present an excess in X-ray intensity is observed close to the sphere compared with the non-magnetized sphere. This excess in soft X-rays suggests that electrons of energies significantly greater than 3 eV must be present. As lower-hybrid turbulence requires the reflected ions to move perpendicularly to the field lines, we have have also considered the case when the sphere was rotated to have the magnetic dipole moment aligned with the flow, mimicking a parallel field line configuration. In the latter configuration, we found no appreciable increase in X-ray intensity close to the sphere relative to the non-magnetized case.
To investigate further the lower-hybrid origin for the excess X-ray emission near the magnetized sphere and the possible presence of a suprathermal electron population, we have performed 2D particle-in-cell (PIC) simulations of the plasma flow collision with the dipolar magnetic object (see Figure 4 ) using the massively parallel, fully relativistic code OSIRIS (see Supplementary Information).
OSIRIS simulation results indicate, in agreement with our previous FLASH simulations, that as the plasma impacts the sphere (of typical size larger than the ion Larmor radius), a bow shock develops [23] . The counter-propagating ion flow is unstable and excites plasma waves in the lower-hybrid range ahead of the shock front (see Figure 4) . These waves are then amplified and break, resulting in a turbulent, compressed plasma region. In fact the ratio between the parallel (k ) and perpendicular (k ⊥ ) wavenumber of these modes is consistent with the idealised dispersion relation for lower-hybrid waves of
, as highlighted in Figure 4 (m e and m i are the electron and ion masses, respectively). OSIRIS simulations also show that when crossing the shock, the upstream plasma is significantly heated The observed downstream wave spectrum is thus consistent with the hypothesis of a resonant interaction between electrons and ions being driven by lower-hybrid turbulence.
While the OSIRIS simulation indicates a significant heating of the plasma, because of finite computational resources, these are performed with an electronion mass ratio and plasma velocity different from that of the experiment. Thus, to apply the OSIRIS results to the measured data, the simulation conditions need to be properly re-scaled to those occurring in the experiment.
The average energy of electrons accelerated by lower-hybrid waves can be estimated [9] by
where α is an efficiency factor on the order of a few percent and u is the ion velocity (see Supplementary Information). Since OSIRIS simulations predict that lower-hybrid turbulence heats electrons to E 
where we have assumed the same efficiency factor both in the laboratory and in OSIRIS simulations. For the predicted average electron heating in the laboratory is ∼ 45 eV, this electron energy can then be used in Equation 1 to determine an efficiency factor of α ∼ 0.1. Our OSIRIS simulation suggests that these accelerated electrons have a nearly Gaussian spectrum. The high energy tail of this distribution is then responsible for the observed X-ray excess.
The collisional-radiative code PrismSPECT was used to calculate the X-ray emission from the predicted hot electron population of lower-hybrid electrons (see Supplementary Information). When no hot population was present, no
Fluorine X-rays were obtained. As the efficiency factor α increases, the Xray intensity of the observed Fluorine line also increases (See Figure 5 ). The
PrismSPECT results show that an average hot electron energy of at least 30 eV is sufficient to produce the X-rays observed within the laboratory.
In the experiment, the counter-streaming Fluorine ions have a collisional mean-free-path of ∼ 5 mm (See Supplementary Information), to be compared with their gyroradius ∼ 2 cm. This does not affect the growth of the lowerhybrid instability [13] .
Our results provide compelling evidence that lower-hybrid waves play an important role in energizing electrons and thus provide a potential mechanism for overcoming the injection problem for perpendicular shocks. We infer the presence of this electron energization by the observation of excess X-ray emission from the plasma when a magnetized sphere is present. The magnetized sphere permits the generation of lower-hybrid waves through a shock-reflected ion instability, thus allowing these waves to energize the electrons by energy transfer from the ionic motion. Whilst this electron energization process has been inferred in many astrophysical environments, it is not fully understood and so makes our experiment an important platform for the validation of the particle acceleration models frequently invoked to explain the high energy electrons 8 observed at strong astrophysical shocks.
Methods
Lower-hybrid waves and modified two-stream instability. Lowerhybrid waves are electrostatic ion waves that propagate quasi-perpendicularly to an external magnetic field. Lower-hybrid waves have a frequency between the ion and electron gyro frequency and can be generated through a plasma instability, namely the modified two-stream instability (MTSI) [13] . The MTSI is similar to the two-stream instability in the sense that it is formed through counter-streaming flows, however unlike the classic two-stream instability, the MTSI requires an external magnetic field oriented quasi-perpendicularly to a counter-streaming ion flow [6] .
This instability excites lower-hybrid waves which have the following dispersion relation [24] :
where ω LH is the lower-hybrid frequency,
and x is defined by
and ω pe is the electron plasma frequency, k and k ⊥ are the components of the wave vector k parallel and perpendicular to the magnetic field, ω ce and ω ci are the electron and ion cyclotron frequencies and m i and m e are the ion and electron masses.
These lower-hybrid waves can accelerate electrons through Cerenkov reso-nance. Since the lower-hybrid waves travel mostly perpendicularly to the magnetic field, this wave-vector component is much larger than that of the wavevector parallel to the magnetic field. As a consequence, the lower-hybrid waves have a high phase velocity along the field lines that resonate with fast moving electrons as well as a low phase velocity across the field lines that resonate with the slow moving ions. Consequently energy can be transferred via the lower-hybrid waves from the ions traveling perpendicular to the magnetic field to electrons traveling parallel to the field. In this manner, counter-streaming ions in an external magnetic field can accelerate electrons to large energies and so produce high energy X-rays.
Within the laboratory experiment described here, a counter-streaming ion flow is set up by reflecting ions off of the shock created at the sphere. The reflected ions and remaining incoming ions can then produce the MTSI, and so generate lower-hybrid waves. Lower-hybrid waves have been previously observed both astrophysically [10, 11, 25, 12] and in the laboratory, mostly within fusion devices [26, 27, 28] .
Lower-hybrid waves in Space Plasmas.
Turning to astrophysical environments, in the passing of a comet through the Solar-wind, as described in Ref. [9] , lower-hybrid waves have been invoked to explain cometary X-ray emission. In this scenario, which is equivalent to what is described in the main paper by our experiment, the interaction of the An alternative explanation of the observed X-ray emission is offered by considering charge exchange processes [30] . In this scenario, the heavier ions in the Solar wind exchange charges with the neutral gases in the comet [20] , resulting in stronger line emission. This is also supported by laboratory experiments using a beam ion trap [20] .
While both lower-hybrid turbulence and charge-exchange can explain the X-ray emission in comets, only the former can account for the observed X-ray excess in our experiment. The charge exchange mechanism can be ruled out as the dominant mechanism in our experiment since it places no restriction on the presence of a magnetic field. The laboratory data shows a large excess in X-ray production only in the presence of a magnetic field perpendicular to the flow.
Comparison between the Laboratory, Space and Simulation. Whilst the properties of plasmas in laboratory and space environments are often vastly different, through appropriate scaling of the relevant parameters involved, a comparison between the two environments can be made. In Table S1 the relevant plasma parameters for this experiment, a comet interacting with the Solar-wind, and the OSIRIS simulations performed for this experiment are compared. Since the properties of greatest interest are those relating to the production of lowerhybrid waves via the MTSI, the fluorine ions only have been considered. The parameters shown in Table S1 for the interaction of a comet with the Solar- electron density which matches the electron density in the experiment. Table 1 : Laboratory, Space and Simulation Parameters. Here m p , m e are the proton and electron mass, respectively, e is the electron charge, ω pe = n e e 2 /m e ǫ 0 is the electron plasma frequency, c s = eZT /M + 3eT /M is the sound speed and 
0.078 0.0058 0.10 Table 1 shows that whilst many of the parameters such as cyclotron frequencies and gyro radii are very different between the laboratory and astrophysical cases, scaled quantities such as the ratio of gyro-radii to skin depth, are con-versely quite similar. The product of the lower-hybrid frequency, ω LH , and the ion-beam collision time, τ ie is one way of comparing the growth of the instability. Clearly in collisionless situations such as space and in OSIRIS simulations, the large time-scale between collisions makes this quantity much greater than in the mildly-collisional laboratory case. On the other hand, a comparison between the period of the lower-hybrid wave oscillations and the time it takes for an ion to interact with a lower-hybrid wave (either V /r gi or τ ie , depending on which quantity is smaller), is similar for all three cases. 
